High Temperature Heat Exchanger Project: Quarterly Progress Report January 1, 2006 through March 31, 2006 by Hechanova, Anthony
Publications (NSTD) Nuclear Science & Technology Division
4-26-2006
High Temperature Heat Exchanger Project:
Quarterly Progress Report January 1, 2006 through
March 31, 2006
Anthony Hechanova
University of Nevada, Las Vegas, hechanova@unlv.nevada.edu
Follow this and additional works at: http://digitalscholarship.unlv.edu/hrc_nstd_pubs
Part of the Heat Transfer, Combustion Commons, Materials Science and Engineering Commons,
Nuclear Engineering Commons, and the Oil, Gas, and Energy Commons
This Report is brought to you for free and open access by the Nuclear Science & Technology Division at Digital Scholarship@UNLV. It has been
accepted for inclusion in Publications (NSTD) by an authorized administrator of Digital Scholarship@UNLV. For more information, please contact
digitalscholarship@unlv.edu.
Repository Citation
Hechanova, A. (2006). High Temperature Heat Exchanger Project: Quarterly Progress Report January 1, 2006 through March 31,
2006. 1-44.
Available at: http://digitalscholarship.unlv.edu/hrc_nstd_pubs/14
 
 
High Temperature Heat Exchanger Project 
 
 
Under Financial Assistance  
DE-FC07-04ID14566  
Awarded by the United States of America Acting Through the  
United States Department of Energy 
 
 
 
 
 
 
Quarterly Progress Report  
January 1, 2006 through March 31, 2006 
 
 
 
 
The UNLV Research Foundation 
4505 Maryland Parkway 
P. O. Box 452036 
Las Vegas, NV  89154-2036 
 
 
 
 
 
 
Anthony E. Hechanova, Ph.D. 
Project Manager 
(702) 895-1457 
(702) 895-2354 (FAX) 
hechanova@unlv.nevada.edu 
 
 
 
April 26, 2006 
 2
UNLV Research Foundation 
High Temperature Heat Exchanger (HTHX) Project 
Quarterly Report (January 1, 2006 to March 31, 2006) 
 
 
Contents 
 
1. HTHX Project Highlights ......................................................................................... 2 
2. UNLV Design and Testing Group ........................................................................... 3 
3. UNLV Materials Selection and Characterization ................................................. 13 
4. Materials, Design and Modeling for C/SiC Ceramic Heat Exchangers 
(University of California, Berkeley) ...................................................................... 20 
5. Corrosion Studies of Candidate Structural Materials in HIx Environment as 
Functions of Metallurgical Variables (GA and UNLV)......................................... 23 
6. The Development of Self Catalytic Materials for Thermochemical Water 
Splitting Using the Sulfur-Iodine Process (MIT).................................................. 31 
7. Development of an Efficient Ceramic High Temperature Heat Exchanger 
(Ceramatec, Inc. and UNLV).................................................................................. 33 
8. Efficiency Improvement and Cost Reduction of Solid Oxide Electrolysis 
Cells through Improved Electrodes and Electrolytes (PI:  Clemens Heske, 
UNLV). ..................................................................................................................... 43 
 
1.0  HTHX Project Highlights 
 
• Quarterly Collaboration Meeting.  The UNLVRF HTHX Project quarterly meeting 
was held in Albuquerque, NM, March 16 and 17, 2006.  The purpose of the meeting was 
to promote collaboration and communication among the UNLV Research Foundation 
partners.  A tour of Sandia National Laboratory was also provided that included a visit to 
their sulfuric acid decomposition test apparatus.  There were 24 attendees from 
universities, national laboratories, and private industry.  Collaborators discussed their 
research progress.  The next meeting will be in July in Salt Lake City, UT. 
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2.0  UNLV Design and Testing Group 
 
The University of Nevada, Las Vegas Design and Testing Group supports the following two 
activities in the UNLVRF High Temperature Heat Exchanger (HTHX) Project:   
• HTHX Thermal Systems Design 
• Scaled HTHX Tests 
 
2.1  HTHX Thermal Systems Design (PI:  Yitung Chen, UNLV) 
 
2.1.1  HTHX Thermal Systems Design Highlights 
 
• 3-D Model Development of an Offset Strip-fin Plate-type Compact HTHX.  Three-
dimensional numerical modeling of an offset strip-fin plate-type compact HTHX was 
accomplished. The optimization studies of the offset strip-fin plate-type compact HTHX 
was also completed.   
• Numerical Analyses of the Ceramatec Sulfuric Acid Decomposer.  Numerical 
analyses have been developed and the method for optimization studies have been chosen. 
The FLUENT will be used for the fluid/thermal analysis of the whole decomposer and 
ANSYS will be linked and used for the stress analysis of the solid part of the 
decomposer.   
• Four different channel configurations for the optimization study were selected: straight 
channels, hexagonal channels, diamond-shaped channels, and triangular channels. The 
optimization studies for the straight and hexagonal channels were started. According to 
the calculations, the decomposer with hexagonal channels has a larger pressure drop and 
higher thermal performance than the straight channels.   
• Two major approaches to study mechanical failure of ceramics were chosen: (a) Stress-
based (Mohr-Coulomb criteria); (b) Statistical-based (Weibull distribution, which 
depends on probability analysis of test results). 
• Sulfuric Acid Decomposition Heat Exchanger Design using Self-catalytic Material.  
The sulfuric acid decomposition heat exchanger design using self-catalytic material is 
being investigated. The numerical hydrodynamics and thermal performance studies using 
two-fluid 2-D and 3-D with helium stream as heat supply source are in progress. 
 
2.1.2  HTHX Thermal Systems Design Technical Summary 
 
Numerical Analyses with Chemical Reactions and Optimization Studies for Ceramatec 
Sulfuric Acid Decomposer: 
  
Two different methods for optimization studies of Ceramatec sulfuric acid decomposer have 
been investigated: (a) the first method is to use APDL (ANSYS parametric design language) 
code for optimization studies. The geometry, mesh, boundary and initial condition can be 
adjusted by using this code. The code uses commands of the ANSYS Multi-field solver for the 
simulation fluid, thermal and structure parts of the decomposer. With the APDL code, all of the 
modules, which include the fluid flow, heat transfer and stress analysis, are solved separately. 
During the calculation, the solver iterates between each physics field until loads transferred 
across the physics interfaces converge. The method includes the calculations of geometry 
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deformations as result of thermal and mechanical stresses. Because of the geometry deformations 
the mesh regeneration procedure occurs during the each iteration. But according to the 
investigations, for the Ceramatec sulfuric acid decomposer, the influence of the geometry 
deformations on the resulting parameters distributions is negligible. Therefore, it is not necessary 
to regenerate mesh as result of the material deformations for the current optimization study; (b) 
the second method is to use FLUENT software for the fluid/thermal analysis of whole 
decomposer and use ANSYS software for the stress analysis of the solid structure of the 
decomposer. In this model, the temperature distribution of the solid part is imported to ANSYS 
by using the FLUENT’s volume mapping user defined function (UDF). For this method, the 
mesh independence study on the data transferring procedure from FLUENT to ANSYS was 
accomplished. According to the study, the error for the data transferring is less than 1% even for 
course mesh.   
 
The comparison between the two methods was completed. The second method works much 
faster than the first one and the second method is more reliable for the flow/thermal analysis. 
Therefore, the second method of analysis has been chosen for the all of the optimization studies. 
 
The flow calculations with sulfur trioxide decomposition for the one channel geometry with 
platinum catalyst was performed.  The results of the calculations indicate reasonable 
decomposition. 
 
The fluid flow analysis of the Ceramatec sulfuric acid decomposer coupon with eight straight 
channels was performed. The geometry and dimensions of the plates of the decomposer coupon 
are shown in Figure 1. Four different cases of the geometry were considered with different 
manifold and channel plate thicknesses of 1/16 and 1/8 inches.  The pressure tap of the 
decomposer coupon is used for experimental pressure measurements in the channels. The 1/16 
inch thickness of divider and pressure tap plates are the same for all of the study cases.  
 
 
 
 
Figure 1. Geometry and dimensions of the decomposer coupon (all dimensions in inches). 
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The boundary conditions for the study cases are: 
• Air flow rate – 16,000 cm3/min (or 4.3 x 10-4 kg/sec) 
• Operation pressure – 1 atm 
• Uniform room temperature – 293 K 
 
Based on the numerical studies and results, the optimal geometry for a coupon with channel plate 
thickness of 1/16 in. and a manifold plate thickness of 1/8 in. was chosen. The optimal geometry 
has the most uniform velocity distribution at the midsection of the channels and overall pressure 
drop is 2577 Pa. The pressure distribution for the geometry is shown in Figure 2. 
 
 
Figure 2. Static pressure distribution (liquid part), units in Pa. 
 
The numerical results of simulating the decomposer coupon have been compared with 
experimental data provided from Ceramatec, Inc. for 2 cases that have a channel plate thickness 
of 1/16 in. and manifold plate thickness of 1/16 in. and 1/8 in. The overall pressure drop 
difference between numerical simulations and experiments is about 20%. It is because the inlet 
platform geometry and supply tubes in the numerical simulation are totally different from the 
experimental set up. Ceramatec also mentioned that experimental errors could come from the 
operating set up and boundary conditions control. The numerical and experimental studies of the 
decomposer coupon based on Ceramatec’s designs are in progress. 
 
Stress Analysis and Optimization of Ceramatec HTHX: 
 
The four different channel configurations for the Ceramatec sulfuric acid decomposer 
optimization study have been chosen: straight channels, hexagonal channels, diamond-shaped 
channels, and triangular channels (see in Figure 3). All of the configurations will be used for the 
optimization study. 
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Figure 3.  Different channels configurations for optimization studies. 
 
 
The study plan of parametric optimization of the hexagonal overlapping offset geometry has 
been proposed. This study plan includes 12 different cases with different various geometric 
parameters. The optimization parameters for the cases are shown in Figure 4 and Table 1. In the 
figure, n is the number of hex in longitudinal direction and m is the number of hex channels in 
lateral direction. 
 
 
 
 
Figure 4.  Optimization parameters for the hexagonal overlapping offset geometry. 
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Table 1.  Values of parameters for the optimization study. 
 
Case 
Width 
(micron) 
Length 
(micron) Depth (micron) Rib (micron) Overlap (%) N m 
1 1000 9798 125 625 33.3 5 12 
2 1000 12392 250 500 16.7 4 12 
3 1000 16426 375 750 25 3 12 
4 1500 9827 250 750 16.7 5 8 
5 1500 12419 250 625 25 4 8 
6 1500 12419 375 625 16.7 4 8 
7 1500 16667 125 500 25 3 8 
8 1500 16667 375 500 33.3 3 8 
9 2000 10115 375 500 25 5 6 
10 2000 12446 125 750 33.3 4 6 
11 2000 16691 250 625 33.3 3 6 
12 2000 16691 125 625 16.7 3 6 
 
The hydrodynamics and thermal performance comparisons between the straight channel and 
hexagonal channels geometries were performed. The results are shown in Figures 5 and 6, 
respectively. The geometry of the hexagonal channels in those figures corresponds to Case 5 (see 
Table 1). The cross section of the straight channels has the same area as the hexagonal channels. 
In Figure 6, ΔT is the temperature difference between inlet and outlet for the each channel.  
 
 
 
 
 
 
Figure 5.  Comparison of pressure distributions between straight and hexagonal channels. 
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Figure 6.  Comparison of temperature distributions between straight and hexagonal channels. 
 
The boundary conditions for the study cases are: 
• Air flow rates for the each upper and downer channel – 0.03 kg/hr 
• Inlet temperatures:  upper channels – 500K, lower channels – 300K 
• Operation pressure – 1 atm 
 
Based on the numerical simulations, the decomposer with hexagonal channels has larger pressure 
drop and higher thermal performance than the straight channels.  The supply channels to the 
hexagonal channel model have been added to avoid backflow phenomena. 
 
A literature survey regarding the failure of ceramics was completed.  Potential software options 
for ceramic failure were investigated. The commercial software CARES and WeibPar were 
chosen.  Two major approaches to studying mechanical failure of ceramics were chosen: 
• Stress-based (Mohr-Coulomb criteria). The Mohr-Coulomb criterion describes a linear 
relationship between normal and shear stresses (or maximum and minimum principal 
stresses) at failure. 
• Statistical-based (Weibull distribution, which depends on probability analysis of test 
results). Weibull distribution is usually used to describe failure of ceramic components: 
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 where Ps is the survival probability that is fit by a Weibull distribution  
  V0 is volume of the specimen 
  m is material constants, which is typically of the order of 5-10 for ceramics. m is 
 independent of specimen volume. 
  σ0 is stress at which the probability of survival is exp(-1), (about 37%). This 
 critical stress depends on the specimen volume, and is usually smaller for larger 
specimens. 
 
Optimization, Transient Hydrodynamics, and Thermal Studies of Off-set Strip Fin High 
Temperature Heat Exchanger Design: 
 
Three-dimensional numerical modeling of an offset strip-fin plate-type compact HTHX was 
performed. The optimization studies of the offset strip-fin plate-type compact HTHX were 
completed. The final report will be submitted by May 31, 2006. 
 
Numerical Analyses of Metallic Heatric-type Sulfuric Acid Decomposer: 
 
The two-dimensional numerical model of the metallic Heatric-type sulfuric acid decomposer was 
developed (see in Figure 7). The model consists of a helium side and a sulfuric acid side. The 
helium side can provide the required heat for the chemical reaction. The ideal gas law is used for 
modeling the mixture gas. It is reliable for the model because compressibility factor for all of the 
gases in the decomposer (helium, SO3, SO2, H2O) is close to 1 for the working conditions. The 
mass flow inlet boundary condition has been chosen for the model because such condition can 
provide parabolic profile for inlet velocity and is suitable for the ideal gas law assumption.      
 
 
 
Figure 7.  Two-dimensional model of the metallic Heatric-type sulfuric acid decomposer. 
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A simplified 2-D model without implementing chemical reactions was studied to understand why 
the density values were incorrect in both helium and sulfuric acid channels during the chemical 
reaction case simulations. It was found that the density in the reaction model was incorrect due to 
the inaccuracy of FLUENT’s calculation of density which is based on the operating pressure 
boundary condition.  When the boundary condition of the model was revised in the numerical 
simulation the problem disappeared.  However, it was then discovered that the use of mass flow 
rate boundary conditions were producing inaccurate temperature and pressure values from this 2-
D model. Therefore the 3-D model was studied in order to eliminate the inaccuracy from the 2-D 
model. The 3-D model has calculated the temperature and pressure values as would be predicted.  
 
2.2  Scaled HTHX Tests (PI:  Samir Moujaes, UNLV) 
 
2.2.1  Scaled HTHX Tests Highlights 
 
• Experimental testing lab is basically setup. 80% of instrumentation has been ordered and 
tested.  
• Flow visualization experiments were performed visually using blue DNA stains.   
• Hydrodynamic testing rig for single-chamber with room air as the working fluid has been 
setup and tested. Hydrodynamic tests were started.   
 
2.2.2  Scaled HTHX Tests Technical Summary 
 
Experimental testing lab is basically setup as shown in Figures 8 and 9. 80% of instrumentation 
has been ordered and tested. LabView data acquisition system was tested and used in preliminary 
tests. Flowmeters, thermocouples, and pressure transducers were tested, but not calibrated.  
 
Several problems associated with DI water as a working fluid in an acrylic test section were 
solved: bubbles on the testing channel surface, sealing of the fins and walls. Testing rig is being 
setup. Special attention to the potential sealing between the upper aluminum plate and the plate 
carrying the fins need to be considered for liquids testing.  Future experiments will test and 
calculate the bypass effect between fins and walls. 
 
Flow visualization experiments were performed visually using blue DNA stains. The flow 
patterns changed with the increase of Reynolds numbers. This is usually manifested by a smooth 
flow pattern around the fins at the low Re (<250) and a more transverse flow generated in the 
form of recirculating flow for higher Re numbers. The accuracy of the flowmeter used is in the 
vicinity of ±1.0% of flow reading. Equipment (micro-PIV, stereo microscope with CCD, etc.) 
will be needed to validate local flow with CFD analysis.  
 
Hydrodynamic testing rig for single-chamber with room air as the working fluid has been setup 
and tested. Hydrodynamic tests are begun. (The humidity effect in room air is neglected.) 
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Figure 8.  Single-chamber testing loop with DI water. 
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Figure 9.  Single-chamber testing rig with room air. 
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3.0  UNLV Materials Selection and Characterization (PI:  Ajit Roy, UNLV) 
 
3.1 UNLV Materials Selection and Characterization Highlights 
 
• Three Ni-based alloys, namely Alloys C-22, C-276 and Waspaloy, and a Fe-Ni-Cr alloy, 
known as Alloy 800H were tested for evaluation of their tensile properties at 
temperatures ranging between ambient and 1000°C using the Instron Model 8862 testing 
equipment.  
• An evaluation of these results indicates that the magnitude of the yield strength (YS), 
ultimate tensile strength (UTS) and failure stress was gradually reduced with increasing 
temperature, as expected. It is also interesting to note that all three parameters showed 
significant drop beyond 600°C. Further, the YS and UTS could not be differentiated at 
1000°C. 
• For all four tested materials, the magnitude of failure strain was gradually reduced within 
a temperature regime followed by its enhancement above a critical temperature.  This 
phenomenon is generally termed as the dynamic strain ageing behavior of metallic 
materials. 
• Waspaloy exhibited the lowest ductility in terms of both percent elongation and percent 
reduction in area. It is, however, interesting to note that this alloy exhibited the highest 
tensile strength at all tested temperatures, compared to the other three alloys. 
• The fractographic evaluations of the broken tensile specimens by scanning electron 
microscopy (SEM) revealed predominantly dimpled microstructures in Alloys C-22, C-
276 and 800H, indicating ductile failure. While dimpled microstructure was also seen in 
Waspaloy up to 600°C, intergranular failures were observed in this alloy at 800°C, 
possibly due to temper embrittlement resulting from the precipitation of boron (B) at the 
grain boundaries. 
 
3.2 UNLV Materials Selection and Characterization Technical Summary 
 
Three Ni-based alloys, namely Alloys C-22, C-276 and Waspaloy, and a Fe-Ni-Cr alloy, known 
as Alloy 800H have been identified and tested for evaluation of their tensile properties at 
temperatures ranging between ambient and 1000°C using the Instron Model 8862 testing 
equipment. The tensile properties were determined by using smooth cylindrical specimens 
machined from solution-annealed materials.  
 
The tensile properties of all four alloys are shown in Figures 10 through 13 in the form of 
engineering stress versus engineering strain (s-e) diagram as a function of the testing 
temperature. The s-e diagrams for each alloy are superimposed in these figures to compare the 
tensile properties at different temperatures. 
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Figure 10.  Stress-strain diagram for Alloy C-22 at various temperatures.  
 
 
 
Figure 11.  Stress-strain diagram for Alloy C-276 at various temperatures.  
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Figure 12.  Stress-strain diagram for Waspaloy at various temperatures.  
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Figure 13.  Stress-strain diagram for Alloy 800H at various temperatures.  
 
An evaluation of these figures indicates that the magnitude of the yield strength (YS), ultimate 
tensile strength (UTS) and failure stress was gradually reduced with increasing temperature, as 
expected. It is also interesting to note that all three parameters showed significant drop beyond 
600°C. Further, the YS and UTS could not be differentiated at 1000°C. 
 
For all four tested materials, the magnitude of failure strain was gradually reduced within a 
temperature regime followed by its enhancement above a critical temperature. The critical 
temperature, above which the strain was enhanced, varied between 100 and 300°C depending on 
the types of alloy and their chemical compositions. Such phenomenon of reduction in failure 
strain in these temperature regimes is generally attributed to work hardening associated with the 
diffusion of solute elements ahead of imperfections in the metal lattice, such as dislocations near 
the grain boundaries.  Thus, the dislocation mobility would be impeded, causing reduced plastic 
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flow in this temperature regime.  This phenomenon is generally termed as the dynamic strain 
ageing behavior of metallic materials. Beyond this critical temperature, the mobility of 
dislocations is enhanced, thus causing increased failure strain. 
 
The magnitudes of YS, UTS, percent elongation (%El) and percent reduction in area (%RA), 
determined from the s-e diagram and the specimen dimensions before and after testing are 
plotted as a function of temperature. The variations of these tensile parameters with temperature 
are illustrated in Figures 14 through 17 for comparison purpose. An evaluation of these figures 
clearly indicates that Waspaloy exhibited the lowest ductility in terms of both %El and %RA. It 
is, however, interesting to note that this alloy exhibited the highest tensile strength at all tested 
temperatures, compared to the other three alloys. 
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Figure 14. Yield Strength versus temperature.  
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Figure 15. Ultimate Tensile Strength versus temperature.  
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Figure 16. Percent Elongation versus temperature.  
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Figure 17. Percent Reduction in Area versus temperature.  
 
The fractographic evaluations of the broken tensile specimens by scanning electron microscopy 
(SEM) revealed predominantly dimpled microstructures in Alloys C-22, C-276 and 800H, 
indicating ductile failure. While dimpled microstructure was also seen in Waspaloy up to 600°C, 
intergranular failures were observed in this alloy at 800°C, possibly due to temper embrittlement 
resulting from the precipitation of boron (B) at the grain boundaries. The SEM micrographs of 
all four alloys are illustrated in Figures 18 and 19.  The evidence of B precipitation in Waspaloy 
at 800oC is shown by energy dispersive spectrometry (EDS) in Figure 20.   
 
Characterization of dislocations in the tested cylindrical specimens by transmission electron 
microscopy (TEM) is in progress. 
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 (a) Alloy C-22, 400ºC   (b) Alloy C-276, 400ºC 
 
      
  (c) Waspaloy, 400ºC (d) Alloy 800H, 400ºC 
 
Figure 18.  Scanning Electron Microscope micrographs. 
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Figure 19.  Scanning Electron Microscope micrograph, Waspaloy (800°C).             
 
 
 
 
Figure 20.  Elemental analysis of Waspaloy by energy dispersive spectrometry. 
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4.0  Materials, Design and Modeling for C/SiC Ceramic Heat Exchangers, (PI:  Per 
Peterson, UCB) 
 
4.1  Materials, Design and Modeling for C/SiC Ceramic Heat Exchangers 
Highlights 
 
• The experiment to measure the equilibrium amount of sodium in FLiNaK salt was 
finished. The experiment report will be finished shortly.  
• Subaward to COI is being processed. Upcoming work will focus on fabrication of test 
plates with prototypical fin geometries and spacing, and lamination of these plates to 
create a small cross-flow heat exchanger with prototypical fin geometry.  
 
4.2  Technical Progress Summary 
 
4.2.1  PIP C-C/Si-C composite and other composite material study 
 
PIP composite material study is ongoing.  The shrinkage of the fabricated test PIP C/SiC ceramic 
plate after pyrolization was measured and found to be very small (less than 10%) and tolerable. 
The helium permeability of the flat sample coupons made by COI was tested. Helium leaks 
through the coupons under low pressure difference. Therefore, gas-tight CVD carbon coating is 
needed to obtain hermeticity. From SEM images, macro-porosity is relative high (as shown in 
Figure 21) and more work is needed to reduce void fraction. The carbon fibers appear to be fairly 
uniformly oriented as shown in Figure 22; this could also explain the fact that there was some 
evidence of non-uniform shrinkage in different direction during curing. One interesting point is 
that it is clear that the fibers are not that strongly bonded to the matrix.  
 
 
 
Figure 21.  Cross section SEM image showing open holes. 
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Figure 22.  Cross section SEM image showing carbon fiber oriented in one direction. 
 
The subaward to COI is being processed. Upcoming work will focus on fabrication of test plates 
with prototypical fin geometries and spacing, and lamination of these plates to create a small 
cross-flow heat exchanger with prototypical fin geometry.  
 
Dr. Jens Schmidt from DLR will visit UCB in fall for three months. He will help UCB to 
develop PIP composite HX concepts. DLR was sent design drawings for him to prepare for an 
LSI heat exchanger test article with channels for leak testing. These test samples will be 
fabricated by machining biomorphic carbon bulk material, joining and siliconization.  
 
4.2.2  Salt chemical control study 
 
A new experiment was set up to measure the equilibrium amount of Na in FLiNaK. The 
procedures include: 
• FLiNaK and Na metal are contained in glassy carbon crucibles. The crucible is then 
placed in a quartz tube. 
• Mixture will be equilibrated under argon at 600-700°C. 
• Mixture will be quenched to “freeze in” the composition. 
• The glassy carbon crucible will be broken open under mineral oil and pieces of salt 
selected for analysis. 
 
The experiment was finished in March. Some mixture samples were extracted and are being 
analyzed. The experiment report will be finished shortly. 
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4.2.3  Compact heat exchanger thermal design study 
 
In the review of phenomena for transient thermal response of compact ceramic heat exchangers, 
it was discovered that currently available models are oversimplified and miss 3-D phenomena. A 
modeling approach will be developed based on an isotropic porous media approach which should 
prove successful in modeling thermal and mechanical transients.  Literature review of 3-D 
porous media models for compact heat exchanger transient flow and heat transfer is ongoing. 
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5.0  Corrosion Studies of Candidate Structural Materials in HIx Environment as 
Functions of Metallurgical Variables (PI:  Bunsen Wong, General Atomics) 
 
5.1  Research Progress and Accomplishments 
 
The level 2 milestone (3/31/06) “Complete Installation of Test System for Corrosion Studies of 
Materials in HI Extractive Distillation Environment (Gaseous HI Decomposition)” was 
completed during this quarter. 
 
5.1.1  Immersion Testing of Materials in HIx-H3PO4 (Iodine Separation) 
  
The initial testing of materials in the iodine separation environment is close to completion. In this 
quarter, focus was on testing various Nb alloys (Nb-7.5Ta, Nb-10Hf, Nb) for this application 
(Figures 23–25).  Scale formation was observed in the region of the upper phase (phosphoric 
acid rich) and all the Nb coupons showed a relatively high corrosion rate (Table 2). Although a 
number of Nb alloys have been shown to be compatible with HIx at high temperature, the present 
results indicate that they are not compatible with phosphoric acid rich phase. Hence, they are not 
suitable for this application.  
 
In addition to Nb alloys, SiC and Hastelloy B2 were also tested. SiC, as expected, show no sign 
of corrosion (Figure 26). The corrosion rate of B2 is actually less than that of Nb alloys 
(Figure 27 and Table 2). Even though the corrosion rate does not allow B2 to be used on its own, 
it can certainly be considered as a base material for Ta cladding. 
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Figure 23.  Nb coupon tested in HIx-H3PO4 at 140°C for 336 h. 
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Figure 24.  Nb-7.5Ta coupon tested in HIx-H3PO4 at 140°C for 336 h. 
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Figure 25.  Nb-10Hf coupon tested in HIx-H3PO4 at 140°C for 336 h. (a) new, (b) post test and 
(c) post test with scale removed. 
 
 
Long term testing of Ta-2.5W continued as it has shown the best corrosion performance in the 
iodine separation environment so far. After 576 h of testing, it still shows no sign of corrosion 
and its corrosion rate is significantly lower than all the other materials tested (Figure 28). Table 2 
shows a summary of the corrosion rate of all the materials that have been test in this environment 
so far. 
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Table 2.  Corrosion rate of various materials tested in HIx-H3PO4 acid mixture at 140°C. 
Sample Hours Corr. rate (mpy) 
Nb-1Zr (1) 120 -0.92 
Ta-2.5W 240 0.06 
SiC 120 0.239 
Mo 160 0.45 
Hastelloy B2 336 19.94 
Nb-7.5Ta 336 22.97 
Nb-1Zr (2) 120 27.7 
Nb 336 38.91 
Nb-10Hf 336 40.49 
Zr705 120 91.32 
C-276 120 139.88 
C-22 120 147.07 
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Figure 26.  SiC coupon tested in HIx-H3PO4 at 140°C for 160 h. 
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Figure 27.  Hastelloy B2 coupon tested in HIx-H3PO4 at 140°C for 160 h. 
 
 0 h 120 h 240 h 576 h 
H
I x
- P
ho
sp
ho
ric
 a
ci
d 
  
 
Figure 28.  Ta-2.5W coupon tested in HIx-H3PO4 at 140°C for 576 h. 
 
5.1.2  Immersion Testing of Materials in boiling H3PO4 (H3PO4 Concentration) 
 
Long term testing of Ta-2.5W coupon in 95 wt% phosphoric acid continued while other metal 
test coupons are being procured. The coupon was immersed in boiling acid at 250°C. The 
temperature which is higher than the 220°C that was previously calculated can have an impact on 
corrosion resistance of materials. After a total of 500 h in this environment, evidence of 
corrosion is present in the specimen and there also seems to be some scale formation. Analysis of 
the specimen is ongoing. A silver coupon was also tested in 95 wt% phosphoric acid for 336 h. 
No sign of severe corrosion has been observed which indicates that Ag can be a lining or 
cladding candidate for this application (Figure 29). A summary of the corrosion data obtained so 
far is listed in Table 3. The corrosion rate of both Ta-2.5W and Ag are good so far. 
 
I2 rich 
H3PO4 rich 
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Figure 29.  Ag coupon tested in 95 wt% H3PO4 at 250°C for 336 h. 
 
Table 3.  Corrosion rate of Ta-2.5W and Ag coupons that have been tested in conc. H3PO4. 
 
Sample H3PO4 conc. Hours Corr. Rate (mpy) 
Ta-2.5W 99 wt% 50 0.92 
Ta-2.5W 95 wt% 456 -0.54 
Ag 95 wt% 336 2.58 
 
One of the problems encountered is the etching of the glass capsules used to hold the specimens, 
the glass capsules have been etched by the concentrated phosphoric acid. The plan was to replace 
the borosilicate glass with mullite. Figure 30 shows a mullite coupon that was tested in conc. 
phosphoric acid and near complete dissolution has been observed. This shows the corrosion 
protection mechanism based on SiO2 may not be useful for this application. An alumina coupon 
is currently being tested. 
 
5.1.3  Testing of Materials in HI + I2  + H2 (HI gaseous decomposition) 
 
The system construction has been completed. A schematic of the set up and a view of the actual 
test system are shown in Figures 31 and 32. In addition, the hazardous work authorization 
(HWA) has been approved and the testing of materials of construction candidate for HI gaseous 
decomposition will begin next quarter. Details of the test system can be found in the milestone 
completion report. 
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Figure 30.  Mullite coupon tested in 95 wt% H3PO4 at 250°C for 336 h. 
 
 
Figure 31.  Schematic of the HI decomposition materials test system. 
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Figure 32.  HI decomposition materials test system during dry run. 
 
5.1.4  Effect of corrosion environment on mechanical properties  
 
The effect of a HIx liquid environment at 310°C on the tensile properties of Zr705 has been 
established and is shown in Table 4. A marked reduction in ductility is observed in the 
specimens tested in HIx which is due most likely to the pitting of the specimens. A slight 
increase in strength is also observed and the origin is not clear at this point. Figure 33 shows the 
change in the stress strain curve in the Zr705 specimen. 
 
Table 4.  Comparison of tensile properties of normal Zr705 specimens and those tested in HIx 
Specimen YS, ksi UTS, ksi %El %RA 
normal 64.65 84.76 29.9 58.16 
4 (HIx) 68.76 94.02 11.2 13.72 
5 (HIx) 68.55 93.89 9.6 13.58 
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Figure 33.  Stress-strain curves of regular tensile specimen and that tested in HIx. 
 
5.1.5  UNLV Task:  Analytical Studies of the Effects of HI Exposure on Structural 
Materials at High Temperatures (PI:  Allen Johnson, UNLV). 
 
Catastrophic failure of Nb-1Zr alloy in HIx at high temperature 
 
The presence of surface oxide is extremely important for corrosion protection of Ta and Nb 
alloys. Table 5 shows relationship between the oxide layer thickness of the various samples, as 
measured by XPS and SEM, and their corrosion performance. The oxide layer was absent in the 
severely corroded Nb-1Zr specimen. This could either be caused by the acid attacking the base 
materials intergranularly or via surface oxide cracks. Thus, the key issue concerning corrosion 
resistance of the Ta and Nb alloys is their ability to regenerate the surface oxide in the reaction 
environment after it has broken away. Experiments are on going to address this issue. 
Table 5. Surface oxide layer thickness for various Ta and Nb alloys. 
Sample Oxide Thickness (nm) Corrosion 
Ta-2.5W Ta2O5 400 Excellent 
Nb-10Hf Nb2O5 1000–2000 Excellent 
Nb-1Zr missing – Severe* 
Nb-1Zr Nb2O5 200–1000 Good 
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6.0  The Development of Self Catalytic Materials for Thermochemical Water 
Splitting Using the Sulfur-Iodine Process (PI:  Ronald Ballinger, MIT) 
 
6.1  Material Chemistry Identification, Alloy Procurement and Metallurgical 
Characterization 
 
6.1.1  Initial Chemistry Identification and Characterization 
 
This task has been completed and a topical report is still in the process of being prepared.  A 
series of Alloy 800HT plus Pt and Alloy 617 plus Pt in “button” form have been melted and 
characterized from a metallurgical standpoint. As a result of this characterization, the chemistry 
of the larger heats has been defined. The larger heat chemistries will consist of 1 wt% Pt added 
to base chemistries for Alloy 800H. 
 
6.1.2  Larger Size Quantity Production 
 
The chemistries of the larger heats have been defined and final quotations were received for the 
larger alloy heats as well as the additional material that will be needed for testing purposes from 
Special Metals. Due to the high cost burden of Pt and possible negative effect of nickel-sulfur 
eutectic formation, it was decided to pursue the fabrication of the Alloy 800H + 1% Pt large heat 
only.  Based on this final decision, two heats of 100 lbs 800H + 1% Pt, along with smaller 
amounts (4~5 lbs) of 617 and 800H with 2% and 5% Pt addition for testing purposes will be 
obtained.  Quotations were received from Special Metals. 
 
This project is currently awaiting the second funding increment for the purchase of Pt and the 
fabrication of material to be awarded. Once the fabrication account is setup upon the receiving of 
actual funds, the alloy manufacture will proceed. 
 
6.2  Catalyst Effectiveness Determination 
 
6.2.1  Facility Construction 
 
As reported previously, assembly of catalyst effectiveness system was completed and the system 
is in operation. Installation plan and design of a separate vent hood was approved by MIT 
Environmental Health and Safety office, and it will be installed during the week of 4/24/06 over 
the GC unit to scavenge any residual SO2 that is released during the sampling process. 
 
6.2.2  Catalyst Proof of Principal 
 
Samples of rolled sheet material fabricated from the “button” alloys are now being used to 
determine catalyst effectiveness. 
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6.2.3  Catalyst Effectiveness 
 
Several experiments on Alloy 800 + 5% Pt samples have been conducted. The results of tests, 
while still being analyzed, clearly indicate that the material is acting as a catalyst. Figure 34 
shows a temperature profile and mass balance change of a test conducted at 900oC for a period of 
~5000 sec.  H2SO4 (96%) was used for the test. The graph titled as “scale mass balance” shows 
the mass balance between the sulfuric acid feed and a collection flask placed after furnace exit.  
For an in-depth evaluation on the catalyst effectiveness, the mass balance measurement is used in 
conjunction with the Gas Chromatography analysis. 
 
Figure 34.  Temperature and Mass Balance Profile of a Sulfuric Acid Test. 
 
6.3  Prototypic Shape Fabrication and Testing 
 
After evaluating the pros and cons for the two potential compact heat exchanger designs, the 
printed circuit (PCHE) design was selected.  A final quotation has been received from the 
Heatric Company for the production of test article heat exchangers. 
 33
7.0  Development of an Efficient Ceramic High Temperature Heat Exchanger (PI:  
Merrill Wilson, Ceramatec, Inc.) 
 
7.1  Research Accomplishments 
 
7.1.1 Screening Tests 
 
The screening corrosion tests and data reduction was completed for several candidate 
materials for the sulfuric acid decomposer.  These materials were exposed to a mixture of 60% 
H2O, 30% H2SO4, 2% O2, and 8% N2 at 900°C.  In order to evaluate the degradation of these 
materials, weight gains and room temperature flexural strengths were measured after exposure 
times of 0, 100, 500 and 1000 hours.  These materials are listed in Table 6. 
 
Table 6. Proposed Materials of Construction for Sulfuric Acid Decomposer. 
 
Material Processing Source Identification 
Silicon Nitride Hot Pressed Ceradyne Si3N4-HP 
Silicon Nitride Reaction Bonded Ceradyne Si3N4-RB 
Silicon 
Carbide 
Laminated, Sintered Ceramatec SiC-LS 
Silicon 
Carbide 
Pressure-less Sintered Morgan SiC-PS 
Alumina Sintered Coors Al2O3-S 
 
For the silicon based materials (silicon nitride and silicon carbide), the strength increased with 
exposure; the alumina tended to degrade with exposure.  Figure 35 shows the effect of this 
acid/steam environment on the strength; Figure 36 shows the weight gain. 
 
Analysis of the silicon based materials indicates that a thin stable layer of SiO2 forms on the 
surface when exposed to oxidizing environments.  This glassy layer “heals” the surface flaws 
and hence strengthens the bend bar samples.  Using SEM-EDX it has been found that the 
oxygen on the surface increases with exposure.  Although this is difficult to quantify, it does 
support the theory that silicon dioxide forms on the surface.  Several samples have been sent 
to UNLV for further analyses to validate which species have formed on the surface and to 
quantify the thickness of this layer. 
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Figure 35.  Strength of Materials Exposed to 30% Sulfuric Acid 60% Steam Mixture at 900oC. 
 
 
7.2.2 Full Size Heat Exchanger Design and Analysis 
 
A Design Of Experiments (DOE), is an analytic tool whereby multiple variables can be varied.  
A DOE has been formulated to examine the effects of several design parameters on the heat 
transfer, pressure drop and mechanical durability.  Researchers and students at UNLV (see 
Section 2.1.2, above) have migrated to a one-way coupling of FLUENT (CFD and heat transfer 
analysis) with ANSYS (mechanical analysis).  This improved methodology allows for quicker 
convergence and future integration of chemical reacting flows.  However, the back-coupling of 
geometric deformations due to flow, thermal and stress loads will not be available.  Benchmark 
analyses indicate that this geometry deformation is insignificant – as would be expected with 
ceramic materials.  Script files have been formulated to analyze the linear rectangular channels 
and the offset hex channels.  The investigation of diamond-shaped, triangular and skewed linear 
channels will follow. 
 
7.2.3 Component Fabrication 
 
The batching of a second group of coupons has been completed.  These replicates of previous 
flow coupons will be flow tested in order to determine the flow distribution and to validate the 
flow models of UNLV. 
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Figure 36.  Weight Gain of Materials Exposed to 30% Sulfuric Acid 60% Steam Mixture at 
900oC. 
 
During this quarter, much of the effort was expended in fabricating bend bar specimens for 
corrosion testing of candidate materials.  The processing of these materials typically requires 
fabrication of dense “tiles” that can be machined and polished to the proper specifications.  
During this quarter the machining work for over 300 bend bars was completed. 
 
7.2.4 Validation Testing 
 
The first series of flow tests were completed in March and compared to UNLV’s flow models.  
These comparisons indicate that the data has several pressure taps where the pressure signal has 
dropped or is erroneous.  Future work will resolve this issue as well as use traditional pressure 
transducers for data corroboration. 
 
The flow test coupon geometry, test configuration and analytical results are found in Figures 37-
39.  The flow coupon consists of a multi-channel array (typically 8 in parallel) of “full-size” 
micro-channels.  The flow testing incorporates about 18 pressure taps to measure the pressure 
drop along the device.  From this pressure map and the flow models, flow distributions can be 
ascertained. 
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Figure 37.  Flow Coupon Geometry. 
 
 
 
Figure 38.  Pressure Map from Flow Testing. 
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Figure 39.  Pressure Distribution from FLUENT Analysis. 
 
7.2.5  HX Materials Screening 
 
Alumina (Al2O3) materials have been exposed to the sulfuric acid gas streams similar for 1000 
hours; the data (weight gain, strength) will be measured in April.  The next samples to be 
exposed will be Alumina in high oxygen/steam environments.   
 
7.2.6  UNLV Task:  Analytical Studies (PI:  Allen Johnson, UNLV). 
 
Investigations with scientists from UNLV and Ceramatec on silicon carbide and silicon nitride 
systems in H2SO4 decomposition.  SiC and Si3N4 are candidate ceramics for high temperature 
corrosive atmosphere service.  Ceramic standards were examined and the same ceramics exposed 
to H2SO4 at ~900°C for 1000 hours.  The standards were found to be more or less as expected.  
For SiC (Figures 40 and 41) there was an excess of carbon (indicating other carbon containing 
species, maybe binders), and an excess of silicon in the Si3N4 (indicating other silicon containing 
species, again perhaps binders) is seen in Figure 42.   
 
After exposure to H2SO4, the silicon at the surface is converted to SiO2, SiC.  Figure 43 shows 
much more C on the surface with respect to the similar Si3N4 specimen (Figure 44) exposed to 
the H2SO4, indicating that the oxidizing environment of the decomposing H2SO4 is not so 
extreme as to remove it.  The minor constituents, alkalis and halogens are enhanced in the silica 
layer – which may mean they are serving to flux the silica into a glass.  The carbon on the SiC 
exposed surface may be an interesting candidate as a catalyst for the HI decomposition. 
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Figure 40.  Silicon carbide reference spectra.  The carbon is twice what is expected, and is 
composed of carbidic and graphitic species. 
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Figure 41.  Carbon peak from silicon carbide reference.  Note the peak component to lower 
binding energy, consistent with carbidic carbon.  The main peak is graphitic carbon. 
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Figure 42.  Silicon nitride reference.  Note the relative prominence of the minority species. 
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Figure 43.  Silicon carbide after sulfuric acid exposure.  The silicon is in the form of silica, and 
the excess carbon is graphitic.  Minority species are more evident. 
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Figure 44.  Silicon nitride after sulfuric acid exposure.  Note the relatively low level of carbon 
on the surface.  Again, minority species are rather prominent. 
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8.0  Efficiency Improvement and Cost Reduction of Solid Oxide Electrolysis Cells 
through Improved Electrodes and Electrolytes (PI:  Clemens Heske, UNLV) 
 
8.1  Introduction 
 
UNLV and Argonne National Laboratory (Point of Contact: Mark Petri; Collaborators: John N. 
Hryn, Deborah Myers, Michael J. Pellin, Bilge Yildiz) have teamed up to address the underlying 
materials issues that affect the efficiency and cost-competitiveness of solid-oxide electrolysis 
cells (SOEC) for hydrogen production by high-temperature steam electrolysis.  The project 
investigates structure-property-performance relationships for the hydrogen electrodes and 
electrolytes, as well as the fabrication of thin-film electrolytes using atomic layer deposition 
(ALD) techniques.  The findings from this project will help with the design of higher efficiency, 
more durable, and less costly SOEC systems.  The project draws on the unique combination of 
surface science and interface characterization capability at UNLV and leading-edge experience 
in fuel cell technology, electrochemical characterization, and ALD technology at ANL. The 
project at UNLV started on November 1, 2005, while the start of the ANL project started January 
2006. 
 
8.2  Research Accomplishments at UNLV 
 
Based on the reference data collected during the first experimental run at the Advanced Light 
Source (November 2-12, 2005), the graduate student on the project continued a detailed data 
analysis. 
 
In the November 2005 run, focus was on collecting reference spectra of the various materials 
involved in SOECs. Figure 45 shows a set of O K-edge NEXAFS spectra of NiO, Yttria-
stabilized Zirconia (YSZ), and (La,Sr)MnO3 (LSMO), which are relevant material classes for the 
hydrogen electrode, the solid-oxide electrolyte, and the oxygen electrode, respectively. In XES, 
the electronic structure of the valence band is probed from the viewpoint of an oxygen 1s core 
hole. Since this process has to obey dipole selection rules, the spectra in Figure 45 give a picture 
of the local partial density of states of these materials. Together with the Near-Edge X-ray 
Absorption Spectra (NEXAFS) presented in the previous quarterly report, these spectra allow 
direct insight into the entire electronic structure, including properties such as the band gap and 
information about chemical bonding. 
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Figure 45.  Oxygen K-edge X-ray emission spectra from various materials which are of 
relevance in solid-oxide electrolysis cells. 
 
These experiments are currently being complemented by X-ray Photoelectron Spectroscopy and 
Inverse Photoemission experiments at UNLV. These experiments were delayed due to technical 
problems with the electron analyzer of the ESCALab MkII system. In April 2006, the electron 
analyzer will be replaced by a modern state-of-the-art instrument (SPECS PHOIBOS 150MCD), 
allowing one to take spectra with reliable background structure and high resolution, shorter scan 
time, and significantly higher signal-to-noise ratio. Two types of samples are currently being 
investigated at UNLV.   First, the reference materials previously investigated in the ALS 
experiments are being used by pressing the powders into sputter-cleaned In foil to prevent 
sample charging. Secondly, Lax(Sr,Ca)yMnO3 thin film samples that have been investigated by 
the ANL partners in synchrotron experiments at the ANL Advanced Photon Source in February 
and March of 2006 have been shipped to UNLV and are currently being prepared for further 
characterization with surface-sensitive spectroscopy methods.  
 
 
